Introduction
Fragile X syndrome (FXS) and FMR1 associated disorders are predominantly the result of an expansion of a trinucleotide repeat element located within the 5' UTR of the Fragile X Mental Retardation 1 gene (FMR1). In normal individuals the triplet repeat number varies in length from 5 to 44 CGG repeats. Intermediate alleles are between 45 and 54 repeats, premutation alleles are between 55 and 200 CGG repeats and above 200 CGG repeats are full mutation alleles (1) . FMR1 full mutations cause FXS, while premutation alleles lead to fragile X-associated tremor/ataxia syndrome (FXTAS) in an estimated 40% of males and 8-16% of females with the mutation, and fragile X-associated primary ovarian insufficiency (FXPOI) in approximately 20% of female premutation carriers (2) .
The CGG repeat element, like other trinucleotide repeats, is prone to expansion during transmission from parent to child (3) . While the mechanism that gives rise to CGG repeat expansion in FMR1 is not understood, evidence suggests repair of single-strand breaks in the meiotically arrested oocytes form loops, which may be incorporated into the DNA through mismatch repair resulting in an expansion (4) .
Normal alleles most frequently have 2 AGG interruptions, less frequently they have 1 AGG interruption or 0 AGG interruptions, and rarely greater than 2 AGG interruptions. Within normal alleles the patterns most commonly seen are 9 or 10 CGG repeat segments between interruptions (5,6). The 9-A-9-A-9 and 10-A-9-A-9 AGG interruption patterns predominate in all populations that have been studied, evidence that these two patterns were present 200,000 years ago during early divergence of human races or that a strong selection pressure exists at this locus (7) .
In intermediate and premutation alleles the AGG interruptions tend to occur at the 5' end of the locus and the pure CGG stretch, defined as the longest stretch of uninterrupted CGG repeats, is located at the 3' end (8, 9) . The loss of AGG interruptions appear to have occurred multiple times during human evolution (10) but can be a late event in the mutation pathway that leads to expansion (11) . It is rare for AGG interruptions to be lost during transmission, but observation of its occurrence has been reported (12) (13) (14) .
A normal allele without an AGG interruption has been shown to have an increase mutational rate compared to an allele of similar size containing an AGG interruption (15) (16) (17) . Differences in the distribution of AGG interruption patterns between ethnicities, has been reported, including differences in the frequency of alleles that exceed 35 CGG repeats in length and lack AGG interruptions. These higher frequencies are associated with increased prevalence of FXS (18) . Conversely, highly interspersed CGG repeat alleles have been observed in the Basque, Native American, and Asian populations, which also have lower estimated FXS prevalence rates (19, 20) .
The presence of AGG interruptions does not seem to affect the transcriptional or translational expression of the FMR1 gene (21) (22) (23) (24) . However, the presence of AGG interruptions in both intermediate and premutation alleles has been shown to decrease the rate of instability (any change in CGG repeat size) and magnitude of size change in both paternal and maternal transmissions (12, 25, 26) .
While the distribution of CGG repeat total length has been reported in a number of populations (27) , fewer studies have reported the distribution of AGG interruptions within populations. This study reports on the AGG interruption patterns in a total of 3,065 normal alleles (9-40 CGG repeats) from 1,989 participants (males: n = 794; females: n = 1,195) from 9 countries: Australia, Chile, Emirates, Guatemala, Indonesia, Italy, Mexico, Spain, and USA. We compare these results with previous studies that reported AGG interruption patterns in global populations (Figure 1 ).
Our findings indicate that variations in CGG repeat allele sizes and AGG interruption pattern distributions exist between populations. Two populations (Australia and Indonesia), from the nine newly described, had a higher frequency of long pure CGG repeat stretches (greater than 20 pure CGG repeats), and the USA population had a lower frequency of these long pure stretches. These differences may be important when considering the burden of FMR1 associated disorders in different populations.
Materials and Methods

Participants
Genomic DNA from unrelated individuals with at least one normal FMR1 allele was included in this study (n = 3,065 alleles). These samples were previously screened to determine the prevalence rates of expanded alleles. Cohorts from Australia (n = 201) (28) , Chile (n = 77), the United Arab Emirates (n = 263), Guatemala (n = 151) (29) , Indonesia (n = 312) (30) , Italy (n = 67), Mexico (n = 277), Spain (n = 358) (31) , and the United States (n = 1,359) (32) were included. Individuals were recruited from the general population for the Italy, Spain, and United States samples. From the USA cohort, participants were from two different geographical areas: Sacramento (California) and Chicago (Illinois). The remaining samples were recruited from high-risk populations including intellectual disabilities, individuals with a family history of FXS and individuals with Parkinsonism. DNA isolation and AGG interruption genotyping were performed at the UC Davis MIND Institute Molecular Laboratory as previously described (25, 32) , except 67 alleles extracted and genotyped in Italy, following IRB approved protocols at the correspondent institutions. Only AGG interruption patterns of unrelated normal alleles less than or equal to 40 CGG repeats in length, therefore within the normal size range (33) (34) (35) , were included in the study.
Statistical analysis
Distributions of categorical variables were compared CGG repeats were the most common allele sizes in all 9 populations. Indonesia was the only population with a greater proportion of alleles with 29 (39%) than 30 (28%) CGG repeats. Two AGG interruptions were present in at least 56% of the alleles genotyped for each population; 1 AGG interruption occurred in at least 11% of the alleles genotyped ( Figure 2 , Table 1 ).
The distribution of total CGG length, pure CGG stretch, and number of AGG interruptions differs between populations
The mode of total CGG length was 30 in subjects from all countries examined except in Indonesia where it was 29 ( Figure 3 ). The relative proportions of subjects with a total of 29 CGG repeats, 30 CGG repeats, or a value other than 29 or 30 differed significantly by country (p < 0.001) ( Table 1) . Likewise, the relative proportions of subjects with a pure stretch of 9 CGG repeats, 10 CGG repeats, or a value other than 9 or 10 differed significantly by country (p < 0.001). Examination of adjusted residuals suggests that significantly more alleles from Australia (p < 0.001), Emirates (p = 0.007) and Spain (p < 0.001) had total CGG lengths other than 29 or 30 and Australia (p < 0.001) and Spain (p < 0.001) had pure stretch lengths other than 9 or among countries using chi-square tests. Chi-square test p-values were obtained by Monte Carlo simulation when the sample size assumptions for use of the chisquare distribution were not met.
In order to identify specific AGG interspersion patterns, total CGG lengths, pure CGG stretches, or AGG interruptions whose frequency in a given population was significantly higher or lower than would be expected under homogeneity, the adjusted residuals from the chi-square table (36) were compared to a standard normal distribution and the resulting p-values were adjusted for multiple testing using the Bonferroni correction. All analyses were conducted using R, version 2.13.0 (37).
Results
In the nine populations we determined the number and position of the AGG interruption within each CGG alleles and thus determined the AGG interruption pattern in 3,065 alleles. We observed 30 different CGG repeat lengths ranging from 9 to 40 CGG repeats and 231 different AGG interruption patterns, each allele contained no AGG interruptions up to 3 AGG interruptions. Consistent with previous population based studies of the CGG repeat locus, 29 and 30 Populations from previous studies were combined if geographical proximity was present to increase sample sizes. Cohorts with samples collected from high-risk populations are denoted with an asterisk, total sample size for each cohort and the studies reporting their AGG patterns are provided next to the cohort's name. 10 repeats. Further, significantly more alleles from Indonesia (p < 0.001) had a total length of 29 CGG repeats, and significantly fewer USA (p < 0.001) alleles had total CGG lengths other than 29 and 30. Indonesia had significantly fewer alleles with a pure stretch of 10 CGG repeats (p < 0.001), Spain had fewer alleles with a pure stretch of 9 CGG repeats (p < 0.001) and USA had more alleles with 10 pure CGG repeats (p < 0.001) than was expected under homogeneity, where homogeneity would assume the same allele frequencies are present between populations.
The proportion of alleles with 3 AGG interruptions differs significantly by country (p < 0.001) ( Table  1) ; examination of adjusted residuals suggests that significantly more alleles from Indonesia (p < 0.001) and Australia (p < 0.001), and significantly fewer from USA (p = 0.005) had AGG interruptions than was expected under homogeneity.
AGG interspersion patterns by country
The most common AGG interspersion pattern was 10-A-9-A-9 in all countries except Indonesia. In Indonesia the most common AGG interspersion pattern was 9-A-9-A-9, 10-A-9-A-9 was the second most common pattern. The distribution of AGG interspersion patterns differed significantly by country (p < 0.001) and the most common patterns are shown in Supplementary Table 1 (http://www.irdrjournal.com/ docindex.php?year=2014&kanno=4). Examination of adjusted residuals suggested that significantly more alleles from Australia had the patterns 9-A-9-A-9-A-9 (p < 0.001, 8%), 9-A-9-A-19 (p = 0.012, 2%), and 10-A-9 (p < 0.001, 11%); significantly more alleles from the Emirates had the pattern 10-A-10-A-9 (p < 0.001, 6%), 11-A-9-A-9 (p = 0.022, 2%), and 9-A-10-A-9 (p < 0.001, 7%). Indonesia had significantly more alleles with 30 CGG repeats and no AGG interruptions (p = 0.010, 2%), 9-A-13 (p < 0.001, 3%), 9-A-22 (p < 0.001, 3%), 9-A-9-A-9 (p = 0.004, 35%), and 9-A-9-A-6-A-9 (p < 0.001, 6%) patterns; significantly more Spanish alleles had the patterns 10-A-9 (p < 0.001, 9%), 13-A-9 (p = 0.013, 4%) and 9-A-12-A-9 (p < 0.001, 4%), and significantly more USA alleles had the pattern 10-A-9-A-9 (p < 0.001, 44%) than was expected under homogeneity. Likewise, fewer alleles from Australia and Spain had the pattern 9-A-9-A-9 (both p < 0.001, 9% and 14%, respectively), fewer alleles from Indonesia have the pattern 10-A-9-A-9 (p < 0.001, 21%), fewer For the nine newly characterized populations the proportion of alleles with 0 to 3 AGG interruptions is graphically represented. Alleles with 2 AGG interruptions were the most common in each cohort, followed by 1 AGG interruption. Four AGG interruptions were observed in Australia, United Arab Emirates, Indonesia, and Spain only. Within the nine populations no alleles were identified with more than 3 AGG interruptions. alleles from USA had the pattern 10-A-9 (p < 0.001, 2%) than was expected under homogeneity. In 201 normal alleles genotyped from Australia, we observed 74 AGG interruption patterns (Supplementary Table 1 ; http://www.irdrjournal.com/docindex. php?year=2014&kanno=4). A larger proportion of alleles were in the high normal range than observed in the other populations, between 32 and 40 CGG repeats in length, and approximately 9% of the genotyped alleles contained three AGG interruptions. In 77 normal alleles genotyped from Chile, 17 AGG interruption patterns were present. In 151 normal alleles genotyped from Guatemala 39 AGG interruption patterns were observed however no remarkable patterns were observed. In 263 normal alleles genotyped from the United Arab Emirates, 77 different AGG interruption patterns were observed out of which twenty were only observed in the Emirates population. Approximately 1% of the alleles had 3 AGG interruptions. In the 312 normal alleles genotyped from Indonesia, 60 AGG interruption patterns were observed. A large portion of normal alleles with 3 AGG interruptions (8%), with the majority of these alleles having the 9-A-9-A-6-A-9 pattern (6.4% of patterns) was observed in Indonesia. The 9-A-9-A-6-A-9 pattern and CGG length of 36 repeats has been observed in previous studies to occur within Indonesian and Asian cohorts (30, 38, 39) . Fifty AGG interruption patterns were observed in 277 FMR1 alleles genotyped from Mexico. Six distinct AGG interruption patterns were observed only in the Mexico cohort, although these were each observed only once. Eighty-four AGG interruption patterns were observed in 358 normal alleles from Spain. Eleven AGG interruption patterns were only observed in the Spain cohort. Twenty-four AGG interruption patterns were observed in 67 normal CGG repeat alleles from Italy. Three patterns were observed in the Italy cohort only.
Regional differences in frequencies of AGG interruption patterns were observed within the USA samples (Chicago and Sacramento area)
The largest cohort of this study was from the United States, and consisted of samples from a larger collection of newborn blood spots that were collected in both the Sacramento and Chicago area (32) . The Chicago cohort was comprised of individuals identified as Caucasian (n = 153 alleles), African American (n = 225 alleles), Hispanic (n = 223 alleles), Asian (n = 42 alleles), Southeast Asian (n = 14 alleles), Native American (n = 14 alleles), and other (n = 5 alleles). The Sacramento cohort was comprised of individuals identified as Caucasian (n = 156 alleles), African American (n = 24 alleles), Hispanic (n = 123 alleles), Asian (n = 42 alleles), Pacific Islander (n = 6 alleles), Native American (n = 4 alleles), and other (n = 328 alleles). There were 105 AGG interruption patterns observed in 1,359 normal alleles. Twenty-five AGG interruption patterns were observed in the USA cohort and were not observed in the other 9 populations.
The most common total CGG length in both Sacramento and Chicago was 30, pure CGG stretch was 10, and number of AGG interruptions was 2 ( Supplementary Figure 1; http://www.irdrjournal.com/ docindex.php?year=2014&kanno=4). Compared to Chicago, Sacramento had a higher frequency of alleles with total CGG lengths of 30 and pure CGG stretches of 10 than would be expected under homogeneity (both, p < 0.001). The two cities were similar in the proportion of alleles with a pure stretch that was greater than 20 CGG repeats (p = 0.2322), and a total length that was greater than 35 CGG repeats (p = 0.7471).
The proportion of alleles with 3 interruptions did not differ significantly between Sacramento and Chicago (p = 0.8271). The most common pattern in both cities was 10-A-9-A-9. However, the overall distribution of AGG interspersion patterns differed significantly between Sacramento and Chicago (p < 0.001). Examination of adjusted residuals reveals that more alleles in Sacramento had the pattern 10-A-9-A-9 (p < 0.001) and more alleles in Chicago had the pattern 9-A-9-A-9 (p = 0.043) than would be expected under homogeneity.
Previously studied populations
The data from the 9 populations were compared with data from previously published studies including samples collected and sequenced from Quebec (11), Taiwan (40), Norway, Saami, Nenets (41), Greenland (42), African American (43), Denmark (16), Basque (44), Caucasian, Mataco, Tibet, Navajo, Borneo, Mandenka, Wolof, African American (19), Brazil (45), China, Malay, India (17) , and sub-saharah West Africa (46) . AGG interruption patterns were determined by mnl I digestion for samples collected from England, Hispanic American, African American, and Asian American (5), Tunisian Jews, Sephardic Jews, Ashkenazic Jews, and Arabs (18), Suriu, Mayan, Karitiana, Baka, Mbuti, and Hutterite (7).
Collections were combined as indicated in Figure  1 in order to increase sample sizes; alleles from the Navajo population were excluded because they did not reach a sufficient sample size. The distribution of total CGG repeats length, pure CGG stretch, and number of AGG interruptions was significantly different in the 25 global populations. Seven populations had higher proportions of alleles with more than 35 CGG repeats (Asian, p < 0.001; Australia, p < 0.001; Caucasian, p = 0.013; Denmark, p = 0.001; Greenland, p < 0.001; India, p < 0.001; and Indonesia, p = 0.007). Four populations had a larger proportion of alleles with less than 35 CGG repeats (Chile, p = 0.016; Guatemala, p = 0.016; Hispanic American, p = 0.044; and USA, p < 0.001). When pure CGG repeat stretch was compared in the 25 populations, 6 populations (Australia, p < 0.001; Africa, p = 0.001; African American, p = 0.043; Basque, p = 0.043; Indonesia, p = 0.001; and Jewish & Arabic, p < 0.001) had higher frequencies of alleles with greater than 20 pure CGG repeats. Seven populations (Asia, p < 0.036; Greenland, p = 0.014; Hispanic American, p = 0.006; Malay, p = 0.004; and USA, p < 0.001) had higher frequencies of alleles with less than 20 pure CGG repeats. The populations with highly interspersed alleles included Asia (p < 0.001), Australia (p = 0.002), Greenland (p < 0.001), India (p < 0.001), Indonesia (p < 0.001), and Malay (p = 0.034); the USA had significantly less AGG interruptions then expected under homogeneity (p < 0.001).
Discussion
Differences in the frequency of AGG interruption patterns within the CGG repeat locus of FMR1 have been previously reported to vary between ethnicities, and suggested that such differences can affect the mutation rate of this locus. We have genotyped 3,065 alleles from 9 global cohorts to investigate how AGG interruption patterns vary between geographic and ethnic populations. The distribution of CGG repeat total length, and AGG interruption patterns were found to be significantly different between populations. Consistent with previous studies two AGG interruption patterns, 10-A-9-A-9 and 9-A-9-A-9, were the most common in all nine populations reported in this study, and in the 14 previously published population studies (Supplementary  Table 1 ; http://www.irdrjournal.com/docindex. php?year=2014&kanno=4). 10-A-9-A-9 was the most common allele for all populations except in the African American, Asia, Indonesia, and Malay, Borneo, and Tibet cohort where 9-A-9-A-9 was the most common pattern. The frequency of the 9-A-9-A-9 pattern in Asian ethnic groups was consistent with what has previously been shown (17, 40) , and in the African American group the 9-A-9-A-9 pattern was only 1% higher in frequency than the 10-A-9-A-9 pattern. It is unknown whether these two patterns have a biological advantage, however, CGG repeat length in the normal allele has been shown to alter translational efficiency (47) with the highest translational efficiency occurring at 30 CGG repeats. Thus, the common lengths may provide alleles within the optimum size range with the lowest mutation rate.
We combined the AGG interruption pattern results of the 9 population cohorts genotyped for this study to the 16 cohorts from previous published studies. The results showed that six populations had a higher frequency of alleles with a total length greater than 35 repeats, and five populations had a higher frequency of alleles with an uninterrupted stretch greater than 20 repeats. Australia, Denmark, and Quebec had both, suggesting that an increased frequency of expanded alleles, intermediate, premutation, and full mutation alleles may be present in these populations. It should be noted that as the Australian cohort was part of a high risk screening study, a sample bias affecting these results could be present given that intermediate prevalence rates were found to be increased compared to the general population (28) . However, only alleles not greater than 40 CGG repeats were included in this study and importantly the distribution of CGG repeat length was not statistically different from the one observed in a group of 3,091 alleles (1,091 male and 2,000 female alleles) derived from Australian newborns from the state of Victoria (p = 0.3052). In these two populationbased samples the frequencies of GZ alleles were 1.3% (> 40 CGG repeats) and 0.4% (> 44 CGG repeats), in male newborns; and 5.5% (> 40 CGG repeats) and 1.4% (> 44 CGG repeats), in female newborns (unpublished data). The frequency of premutation alleles was 0.3% in both male and female samples. In Canada prevalence estimates for intermediate alleles is 1:86 in females, and for premutation alleles is 1:813 in males and 1:241 in females (Dombrowski et al., 2002) . No prevalence estimates are available for the Denmark population. These prevalence rates are not higher than those estimated in other populations and also we do not have any information regarding whether these prevalence rates are increasing or decreasing with generation.
Guatemala, Hispanic American, Mexico, and USA cohorts had a smaller proportion of alleles in the high normal range, and a smaller proportion of alleles with greater than 20 uninterrupted CGG repeats, suggesting increased stability of the normal allele in these populations. However, both Guatemala and Mexico cohorts were collected for high risk screening studies, and sample collection bias may also be present in these two populations. In the USA population prevalence rates for intermediate alleles were estimated to be 1:112 for males and 1:66 for females, and for premutation alleles were estimated to be 1:430 for males and 1:209 for females (32) . The Hispanic American, Guatamala, and Mexico populations do not have estimated prevalence rates. The prevalence estimates for the USA population are neither in agreement or disagreement with the population having an increased stability compared to the other studied populations.
A comparison of Sacramento and Chicago showed similarities in the distribution of AGG interruption patterns, and the proportion of alleles in the high normal and intermediate range, and with more than 20 uninterrupted CGG repeats (Supplementary Figure 1; http://www.irdrjournal.com/docindex. php?year=2014&kanno=4). Interestingly, Sacramento has an increased prevalence of premutation alleles (males, 1:305; females, 1:172) when compared to Chicago (males, 1:308; females, 1:894) (32) . Both cohorts were collected and genotyped in the same study and were collected as part of a pilot study newborn screening for FXS.
One limitation of this study is the possible sampling bias within the six newly described population cohorts that were collected from high-risk screening studies. A sample bias may also likely be present in the Sacramento and Chicago cohorts that make up the USA population because AGG interruption data was available mainly for samples that were genotyped by the CGG linker PCR assay (32) when initial genotyping of females resulted in only one allele. Another limitation of this study, and of the other published studies, is represented by the small sample sizes. The expected variability introduced by sampling error inhibits strong comparisons between prevalence rates of intermediate, premutation, and full mutation alleles and AGG interruption pattern distribution; limitations that could be reduced with increasing cohort sizes.
The AGG interruption patterns within the CGG repeat locus of FMR1 further characterize the alleles beyond repeat length. The results of the study agree with what is known about the CGG repeat distribution in the nine countries, including increased frequency of the 9-A-9-A-6-A-9 pattern in Asian ethnicities where the 36 CGG repeat length is more frequent. Population structure is important to consider when studying the CGG repeat locus, sub-populations have consistently shown significant differences in the literature, including differences between ethnic and geographic groups. Our results suggest that AGG interruption pattern distributions in populations could be associated with differing prevalence of categorically non-normal alleles, however larger cohort sizes and more prevalence rates will be needed for many ethnicities to confirm these observations.
